Abstract Novel furopyran-3,4-dione-fused heterocycles have been obtained by a one-pot reaction of α-brominated dehydroacetic acid and benzaldehydes under organobase conditions. The prepared 2-[aryl(hydroxy)methyl]-6-methyl-2H-furo[3,2-c]pyran-3,4-diones were fully characterized by 2D NMR spectroscopy and supported by singlecrystal X-ray analysis to unequivocally prove the furan-3-one five-membered ring-closure mechanism instead of the dihydroflavanon-3-ol sixmembered cyclization which has recently been proposed in the literature.
Furan-3-ones and pyran-2-ones are important oxygen heterocycles which are mostly present in the structure of a variety of biologically active natural compounds.
1,2 Such substances sharing five-or six-membered ring systems have deserved considerable attention in organic chemistry due to their structural simplicity and low-molecular weight advantages, being readily accessible by several synthetic routes.
3,4 The furan-3-one ring system is found in aurones [2-benzylidenebenzofuran-3(2H)-ones, Figure 1 ] which are abundant colored natural flavonoids with outstanding therapeutic potential. 5a Furan-3-one-containing molecules continue to attract interest, and we have recently reported some valuable anticancer and photosensitive templates, namely the [benzopyran-(2 or 4)-one/benzofuran-3-one] 5b and [benzofuran-3-one/hydantoin] 5c,d conjugate dyads. Pyran-2-ones, six-membered lactones, constitute a large family of biologically active natural products mainly encountered in animals, insects, plants, and microbial systems.
2 Simple chemical modification of the substitution pattern in the pyran-2-one ring has often led to diverse biological properties, for instance, 4-hydroxypyran-2-ones constitute an important class of anti-HIV agents and also exhibit antifungal, phytotoxic, antimicrobial, cytotoxic, and neurotoxic activities. 6 Aiming at the preparation of aurone mimics, we recently reported the covalent combination of furan-3-one and pyran-2-one into a fused dyad. The route relies on the treatment of 3-(bromoacetyl)-4-hydroxy-6-methyl-2H-pyran-2-one with aliphatic primary amines in ethanol, leading to the formation of a single product 6-methyl-2H-furo [3,2-c] pyran-3,4-dione. Under acidic conditions, this compound undergoes classical Knoevenagel condensation of the furan-3-one ring (through its active methylene group) with benzaldehydes to yield 2-arylidene-6-methyl-2H-furo [3,2-c]pyran-3,4-diones. 7a,b The synthesis of these aurone-type compounds has also been initiated by heating dehydroacetic acid (DHA = 3-acetyl-4-hydroxy-6-methyl-2H-pyran-2-one) in the presence of several aliphatic and aromatic 
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amines.
7g DHA and its brominated derivatives have shown a wide synthetic potential, being readily converted into interesting heterocyclic systems (e.g., pyrazoles, 1,2-benzothiazepines, benzodiazepines, and pyrimidines) through their condensation with a variety of bisnucleophiles.
8
Following our interest in the use of DHA (1) as a synthetic precursor of pyran-2-ones, we focused our efforts on its selective α-monobromination to afford 3-(bromoacetyl)-4-hydroxy-6-methyl-2H-pyran-2-one (2, acetyl methylene group: δ H = 4.71 ppm, δ C = 35.2 ppm) in good yield (up to 61%), by refluxing 1 with one equivalent of bromine in glacial acetic acid (Scheme 1).
9 α-Haloketones are general and versatile synthons used for the preparation of various heterocyclic compounds due to their high reactivity and selective chemical transformations. 7 Finally, in the context of this communication, the development of practical and efficient methodologies for the synthesis of substituted furo[3,2-c]pyran-4-ones is still gaining interest.
Herein we report the diastereoselective synthesis of 2-[aryl(hydroxy)methyl]-6-methyl-2H-furo[3,2-c]pyran-3,4-diones 3 by the condensation of α-brominated DHA 2 with various benzaldehydes in ethanol at ambient temperature using an equimolar amount of triethylamine (Scheme 1). This procedure leads to furo [3,2-c] pyran-3,4-diones 3 in high yields (87-97%), in short reaction time (15 min).
10 Stereochemically, two adjacent asymmetric carbons have been created in a fused furopyran-3,4-dione heterocyclic scaffold 3 with the potential to generate a pair of diastereomers. A detailed analysis of proton acidity of the α-bromo-DHA 2 in basic medium (such as Et 3 N) suggests two possible deprotonation sites leading to quiet different intermediates that could be involved in the reaction with the benzaldehyde (Scheme 2). A plausible reaction mechanism for the synthesis of compounds 3 can be drawn via initial deprotonation at the 4-hydroxyl group which may drive the α-bromo-DHA 2 to a furan-3-one ring closure via nucleophilic attack on the bromomethyl group, affording 4 as previously noted. 7a,b Compound 4 can undergo in situ condensation with the benzaldehyde under organobase conditions to afford 2-[aryl(hydroxy)methyl]-6-methyl-2H-furo[3,2-c]pyran-3,4-diones 3 (Scheme 2, pathway a). An alternative deprotonation can occur at the active methylene of the α-bromo-DHA 2 creating a carbanion that directly condenses with the benzaldehyde leading to the intermediates 5. Assuming a subsequent deprotonation of the 4-OH in the intermediates 5, the furan-3-one cyclization can occur by nucleophilic attack on the bromomethyl group, thus affording 3 (Scheme 2, pathway b). Recent reports have shown that the condensation between similar α-halocarbonyl compounds 2 and carbonyl compounds (such as benzaldehydes) in basic medium is a useful synthetic route to access α,β-epoxycarbonyl derivatives.
11 In this way, the formation of the epoxides 6 is expected through deprotonation of β-OH in 5 and subsequent nucleophilic substitution of the α-bromo substituent. Such epoxide derivatives 6 are known to be versatile synthetic intermediates that can be converted into a wide range of multifunctional heterocyclic scaffolds. Thus, the presence of a free 4-hydroxyl group on the pyran-2-one makes α,β-epoxycarbonyl 6 capable of undergoing intramolecular heterocyclization to give, either the fivemembered furan-3-one ring 3 via nucleophilic attack on the α-carbon (Scheme 2, pathway c), or six-membered dihydroflavanon-3-ols 7 through ring closure at the β-carbon (Scheme 2, pathway d). Recent literature data disclose that dihydroflavanon-3-ols are preferably formed following condensation reaction of α-halocarbonyl compounds with benzaldehydes under basic conditions. 12 The Wheeler reaction, usually employed for the synthesis of aurones, has also been adapted to access dihydroflavanon-3-ols via opening of 2′-hydroxychalcone α,β-epoxides at the β-carbon.
12a Several authors have provided evidence that dihydroflavonols are selectively obtained from 2′-hydroxychalcone α,β-epoxides using different catalysts rather than 2-[aryl(hydroxy)methyl] benzofuran-3-ones, but this conclusion was only supported by 1 H NMR and 13 C NMR data. 12b,c The differentiation between a dihydroflavanon-3-ol 7 and a 2-[aryl(hydroxy)methyl]benzofuran-3-one 3 using 1 H NMR and 13 C NMR assignments is not trivial because other studies suggest that both α-or β-cyclizations of α,β-epoxycarbonyl substrates may take place in the presence of a free hydroxyl group (such as in 2′-hydroxychalcone α,β-epoxides). Moreover, this is strongly dependent on the nature of the catalyst. To overcome the potential for structural ambiguity between such five-and six-membered heterocycles, we studied the structure of products 3 in detail based on their 2D NMR spectra (HSQC, HMBC, and NOESY). In the 1 H NMR spectra H-2 and H-1′ appear at δ H = 5.07-5.38 ppm as doublets (J = 0.5-1.6 Hz) and doublets of doublets; these assignments being confirmed by their HSQC correlations with two different carbons at δ C = ca. 70 and ca. 90 ppm, respectively. The doublet assigned to 1′-OH (δ H = 5.76-6.68 ppm, J = 3.7-6.4 Hz) does not show any HSQC connectivity. Be-
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sides the exact determination of the C2-C1′ bond, the key 13 C NMR resonances of 3a-j present characteristic signals assigned by HMBC experiments (Figure 2 and Figures S16, S17 in Supporting Information for compound 3g), namely C-1′′ (δ C = 127.4-143.7 ppm), C-8 (δ C = 188.2-188.4 ppm), and C-3 (δ C = 192.2-193.3 ppm), respectively. We also observed weak HMBC connectivities between the 1′-OH and C-1′′, making us less confident of such structural interpretation because the expected HMBC correlations of the dihydroflavanon-3-ols 7 are similar to those observed in furopyrandiones 3 (Figure 2 ). For this reason, the 2D NMR study of compounds 3 was extended to NOESY experiments that were helpful in suggesting the stereochemical arrangement of the whole scaffold 3. Notable NOE enhancements were observed between H-2 and H-1′; H-1′ and 1′-OH; 1′-OH and H-2′′ and of H-1′ with H-2′′,6′′ (Figure 3 and Figure S18 in Supporting Information for compound 3g). Likewise, the expected NOE effects in the dihydroflavanon-3-ols 7 have led us to the same conclusions as summarized in Figure 3 . The 2D NMR spectral determination is important and extremely useful in most of the cases, particularly for complicated structural elucidation procedures. However, a rare similarity was found between the isomeric compounds furopyrandiones 3 and dihydroflavanon-3-ols 7, ultimately leading to inconclusive results. Single-crystal X-ray diffraction was performed in order to describe the 3D structure of the furopyran-3,4-diones 3 unambiguously. Good-quality crystals of compound 3a were isolated from a 5:2 mixture of hexane-ethanol by a slow evaporation at 6 °C. X-ray diffraction studies revealed structure 3a, which is in a complete agreement with the 2D NMR studies (Figure 4) . Two asymmetric carbon atoms (C8 and C9 crystallographic numbering, Figure 4 ) are clearly observed in the crystal structure. Because 3a crystallizes in centrosymmetric P1 triclinic space groups, the unit cell contains the mirror image of the organic molecule depicted in Figure 3 , leading to a solid-state racemic mixture of two possible enantiomers [(2R,1′S) and (2S,1′R)]. In this context, we can conclude that this protocol represents a diastereoselective synthetic approach towards furopyran-3,4-diones 3.
In conclusion, we have described a simple and efficient diastereoselective route towards 2-[aryl(hydroxy)methyl]-6-methyl-2H-furo[3,2-c]pyran-3,4-diones via condensation of α-bromo-DHA with a variety of benzaldehydes using organobase catalysis. This reaction could follow different mechanistic pathways where the most likely one is the formation of an α,β-epoxycarbonyl intermediate that undergoes preferential α-cyclization to afford a fused furo [3,2-c] pyran-3,4-dione. 2D NMR spectroscopic studies were used for tentative differentiation between the furan-3-one and the largely reported dihydroflavanon-3-ol ring closure. However, due to the high structural similarity between 
these scaffolds, results were not wholly conclusive. However, single-crystal X-ray diffraction study was decisive in the elucidation of the diastereoselective synthetic pathway toward 2-[aryl(hydroxy)methyl]-6-methyl-2H-furo[3,2-c]pyran-3,4-diones. We believe that this result may lead to the revision of many previously reported β-hydroxyfuran-3-one and 3-hydroxypyran-4-one structures synthesized from α,β-epoxycarbonyls, for which only 2D NMR spectroscopic analysis was used. 
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Supporting Information
Supporting information for this article is available online at http://dx.doi.org/10.1055/s-0034-1380214. A solution of bromine (0.27 mL, 5 mmol) in AcOH (10 mL) was added portionwise to a solution of DHA (1, 0.84 g, 5 mmol) in AcOH (20 mL). After heating to reflux for 2 h, the reaction mixture was poured into H 2 O (100 mL) and ice (50 g). 
